Objective: This study was designed for the chemical activation of a 35% hydrogen peroxide (H 2 O 2 ) bleaching gel to increase its whitening effectiveness and reduce its toxicity. Methodology: First, the bleaching gel -associated or not with ferrous sulfate (FS), manganese chloride (MC), peroxidase (PR), or catalase (CT) -was applied (3x 15 min) to enamel/dentin discs adapted to artificial pulp chambers. Then, odontoblast-like MDPC-23 cells were exposed for 1 h to the extracts (culture medium + components released from the product), for the assessment of viability (MTT assay) and oxidative stress (H 2 DCFDA). Residual H2O2 and bleaching effectiveness (DE) were also evaluated. Data were analyzed with one-way ANOVA complemented with Tukey's test (n=8. p<0.05). Results: All chemically activated groups minimized MDPC-23 oxidative stress generation; however, significantly higher cell viability was detected for MC, PR, and CT than for plain 35% H2O2 gel.
Introduction
Hydrogen peroxide (H 2 O 2 ) is found in high concentrations in bleaching gels widely used for inoffice tooth-bleaching therapies. 1 Whitening outcome is believed to be a consequence of H 2 O 2 decomposition, which generates free radicals that interact with chromophores present in dentin substrate. 2 Instead of being considered a strong oxidant agent, H 2 O 2 is the reactive oxygen species (ROS) with the lowest oxidative potential 3 . Therefore, to achieve effective dental color alteration in short periods, highly concentrated H 2 O 2 bleaching gels (35-40%) have been traditionally used for professional tooth-bleaching. 1 However, many studies have shown that such esthetic therapy allows diffusion of high amounts of H 2 O 2 through enamel and dentin, 4, 5 causing in vitro [6] [7] [8] [9] [10] [11] and in vivo [12] [13] [14] [15] toxicity to pulp cells. Therefore, the "non-reacted H 2 O 2 " has been considered the main pathway for bleaching-induced tooth sensitivity, claimed by 80-100% of patients undergoing professional tooth-bleaching performed with high-concentrated gels. 16, 17 The cell toxicity mechanism mediated by bleaching gels on pulp cells has been correlated with two main pathways: (1) H 2 O 2 arising in the pulp chamber during the bleaching procedure can diffuse through the cell membrane, followed by dissociation into free radicals on cytoplasm, causing a pathologic stress oxidative condition, lipid peroxidation, and necrosis; and (2) free radicals in the extracellular environment after H 2 O 2 dissociation cause direct damage to cell membranes, leading to cell death by necrosis. 18 The establishment of an inflammatory reaction and necrotic areas in pulp tissue of teeth subjected to professional bleaching has been observed in several in vivo studies. [12] [13] [14] [15] [19] [20] [21] Recent demonstrations show H 2 O 2 from bleaching gels induces pro-inflammatory cytokine release by pulp cells, negatively influencing their long-term regenerative potential. 8, 11, 14, 15, 22 Therefore, many alternative therapies have been proposed to increase the biocompatibility of in-office bleaching therapy with the pulp-dentin complex, mainly aimed at reducing the amount of H 2 O 2 capable of reaching pulp cells. 18 Several authors have reported that reducing the H 2 O 2 concentration in bleaching gels and the period of contact of these dental products with enamel may decrease the in vitro and in vivo toxicity caused by these esthetic therapies. [7] [8] [9] [10] [12] [13] [14] [15] 22 However, additional sessions are needed to achieve bleaching outcomes similar to those of traditional therapies. 7, 10, 23 
Methodology
Enamel/dentin discs Enamel/dentin discs (from 24-to 30-monthold bullocks), measuring 5.6 mm in diameter and 3.5 mm in thickness, were obtained as previously described. 29 The bleaching gels were manipulated in a 1.5 mL tube, and the probe was submersed into the material. The pH was checked after 0.5, 5, 10, and 15 min. A total of 4 samples per group was manipulated for this analysis.
Trans-enamel and trans-dentinal cytotoxicity
Enamel/dentin discs were adapted to artificial pulp chambers (APC), as previously described. 29 The APC/disc sets (sterilized in ethylene oxide) were placed in 24-well plates with dentin in contact with 1 mL of DMEM (Dulbecco's Modified Eagle Medium;
supplemented with 100 IU/mL penicillin, 100 mg/mL streptomycin, and 2 mmol/L glutamine; Gibco, Grand Island, NY, USA). Enamel remained exposed to receive the treatments according to each group. Immediately after the bleaching procedure, the culture medium USA) (n=8), and then exposed for 1 h to the extracts.
After this period, the fluorescence intensity was monitored at 59 nm excitation and 517 nm emission (Synergy H1, BioTek), and the fold increases were calculated after normalization with the NC group. Specimens were kept in 100% humidity to standardize the hydration pattern. For that, the discs were placed at the bottom of wells of 24-well plates in a way that dentin was maintained in contact with a cotton pellet embedded with deionized water, and the enamel was covered with a cotton pellet embedded in artificial saliva solution. 10, 23 The plates were kept in incubator for 72 h, at 37°C (Orion 515, Fanen, São Paulo, SP, Brazil). A color readout was then used to obtain baseline (BS) values for each disc. To be read, the discs were positioned in a white silicone matrix, leaving only the enamel surface exposed. 
Quantification of residual H2O2

Bleaching effectiveness
All bleached groups presented notably higher DE values than the NC group. HP+PR featured the highest DE value, which was significantly different from that of the other groups (Figure 3a Following the same catalytic mechanism, the aim was to reduce the amount of residual H 2 O 2 on tooth- structure and consequently the cytotoxicity with pulp cells, by increasing the reactivity of the product with dental structure after incorporating ferrous sulfate, manganese chloride, peroxidase, or catalase into a highly concentrated bleaching gel. We chose a 35% H 2 O 2 gel to evaluate the most challenging situation, since the indirect cytotoxicity of such dental products has been well-demonstrated in literature. [6] [7] [8] [9] [10] The bleaching effectiveness was also assessed to demonstrate whether the chemical activators indeed . Therefore, formation of these sub-products may be considered a disadvantage of the iron-based Fenton reaction.
We also observed a slight deposition of brown sub-products during manganese chloride reaction with the bleaching gel, which disappeared at the end of the reaction (Figure 1 ). According to the literature, soluble manganese is a stoichiometrically efficient catalyst for the generation of hydroxyl radicals; however, depending on pH regime, an amorphous manganese oxide precipitate occurs. 33 in bleaching effectiveness (DE) for a 35% H 2 O 2 gel after one single 3x10-minute tooth-whitening session when a peroxidase-rich extract was incorporated into the dental product. The authors speculated that this positive effect was related to the enhanced free radical formation mediated by this enzyme.
Overall, the indication is that the release of free radicals mediated by the interaction of H 2 O 2 with chemical activators increase bleaching effectiveness, minimizing the amount of residual H 2 O 2 that diffuse through enamel/dentin to cause toxic effects to the cultured pulp cells. However, one important limitation of this study is that free radicals released from the bleaching gels and their trans-enamel and trans-dentinal diffusion were ignored. Therefore, the cytotoxicity observed here for all chemically activated groups may also be related to the release of such reactive molecules capable of diffusing through enamel/dentin to reach the cells. This effect may be related to the contradictory results found for H 2 O 2 diffusion on HP+MC group. Instead of achieving the lowest H 2 O 2 diffusion, this group had the same behavior as HP+FS and HP+CT groups for all the other parameters tested. We believe that manganese chloride increases the formation of free radicals in comparison with ferrous sulfate and catalase, but these free radicals may have diffused through enamel and dentin to play a role in the cytotoxicity to the pulp cells.
On the other hand, peroxidase also had the lowest amount of residual H 2 O 2 , which was statistically similar to manganese chloride. Nevertheless, the better cell parameters and whitening outcome found for HP+PR group compared with HP+MC may result from the oxidase cycle reaction, since the reactive species described as compound I and III may have played a role in the reaction of H 2 O 2 with tooth structure, resulting in a lower amount of free radical diffusion through enamel/dentin discs. Therefore, more studies are needed to demonstrate the pathway related to the minimization of the toxicity mediated by the chemical activators tested here. Non-stained discs were used in the biological assays to avoid the release of toxic components of black tea to the cells, as performed before. 7, 10, 23, 29 Since free radicals released by the bleaching gel were expected to react with the chromophores, we may speculate that a high amount of non-reacted molecules may have diffused to cause the toxic effects observed in this investigation. Also, several other relevant biological factors found in vivo, such as the presence of pulp pressure, extracellular matrix, and host immune cells, have been rejected in laboratorial tests to assess the biological and esthetic behavior of dental products. 18 Hence, the results found in this in vitro study can be considered overestimated.
Torres, et al. 28 (2013) reported that the use of chemical activators to minimize the residual H 2 O 2 diffusion to the pulp chamber seems to be more evident when low-concentration bleaching gels are used. According to those authors, 35% H 2 O 2 formulations provide greater availability of residual H 2 O 2 , so, likely, the chemical activator is unable to reduce the rate of peroxide diffusion at secure levels. The literature has already shown that highconcentrated bleaching gels have intense potential to bleach teeth from the first 45-minute session. 16, 17 Nevertheless, the increase in bleaching effectiveness demonstrated in this study may be useful to fasten the whitening outcome on dark-colored teeth, such as tetracycline stained teeth; however, more studies are needed to prove the effectiveness of the formulations tested in these specific situations.
The focus of the current studies is to reduce the concentration of in-office bleaching gels to minimize the negative effects on pulp cells. 38, 39 It has been previously demonstrated that a 50% reduction in the concentration of peroxide in bleaching gels with 35% H 2 O 2 results in a significant positive effect on cell viability; but the bleaching effectiveness is harmed. 7, 23 Therefore, since the manganese chloride, catalase, and peroxidase were capable of minimizing the cytotoxicity of a highly concentrated bleaching gel by increasing its reactivity with tooth structure, it seems reasonable that they may be considered a promising alternative to improve the biocompatibility and esthetic outcomes 
